| INTRODUCTION
In humans, periodontitis is a biofilm-induced chronic inflammatory condition characterized by gingival recession and alveolar bone loss.
The disease is multifactorial in that a wide range of microorganisms, microbial products and host immune responses have been implicated. 1 Although dental plaque biofilms play a major role in triggering periodontitis, it is the host inflammatory responses that cause destruction of the periodontium (tooth-supporting tissues). The presence of three species of Gram-negative anaerobic bacteria within sub-gingival plaque, Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola, has been strongly associated with diseased sites, 2 although the etiology is much more complex. 3 These invasive bacteria produce high levels of protein-degrading activities that appear to be important for virulence. [4] [5] [6] However, the notion that periodontitis is the direct result of these so-named periodontopathogens has been redefined by the keystone-pathogen hypothesis. 7 In the polymicrobial synergy and dysbiosis model of periodontal disease, the keystone pathogen Po. gingivalis impairs host defense, leading to overgrowth of oral commensal bacteria, so transforming the normally symbiotic microbiota into a dysbiotic state. Environmental changes induced by the keystone pathogen then favor proteolytic bacteria and facilitate compositional changes in the biofilm community. 8 Periodontal disease is also a major affliction in dogs, affecting approximately 60% of the population. 9 Previous studies revealed similarities in subgingival plaque composition between dogs and humans at the bacterial genus level. 10 However, the canine oral microbiome is widely divergent from that of the human, with at least 350 canine bacterial taxa identified, 11 of which only 16.4% are shared with humans.
Subgingival plaque collected from non-diseased sites in dogs contained mainly Gram-negative aerobic bacteria of the genera Moraxella, Bergeyella, Neisseria and Capnocytophaga, and family Pasteurellaceae spp., 12 whereas in plaque from mild periodontitis there was a higher proportion of species from the class Clostridia. A longitudinal study of sub-gingival plaque community changes associated with development of canine periodontal disease essentially confirmed that aerobic Gramnegative species decreased in proportion as periodontitis developed, 13 but Peptostreptococcaceae increased. Porphyromonas cangingivalis, Porphyromonas gulae and other Porphyromonas species were present at all sites. These observations tend to infer a community-wide transition into periodontitis and in this respect are broadly consistent with current hypotheses for development of periodontal disease in humans. 8 The primary colonizers of the tooth surface in humans are streptococci, along with actinomyces, neisseriae and veillonellae. 14, 15 Secondary colonizers such as Fusobacterium nucleatum and Po. gingivalis benefit from the antecedent community providing new attachment sites and metabolic compatibilities. 15, 16 However, streptococci are generally lacking in canine plaque biofilms 12, 17 and it would appear that Gram-negative aerobic or facultatively anaerobic bacteria are primary colonizers. 17 In a model of early canine plaque development these organisms might then provide for incorporation into the community of secondary colonizers such as fusobacteria, porphyromonads and peptostreptococci. 18 Although oral microbial community development in humans has been widely investigated, 15 ) and menadione (1 μg mL
−1
). The identities of all bacterial strains cultivated were confirmed by sequencing of 16S rRNA gene products generated by PCR with the specific primers listed in Table 1 .
| Bacterial coaggregation
Bacterial strains were grown in the respective media as described above. Cells were harvested by centrifugation at 5000 g for 7 minutes at 4°C and suspended in coaggregation buffer (1 mmol L natant. 22 The experiments were repeated three times to confirm the scores.
| Biofilm development and confocal laser scanning microscopy
Bacterial suspension cultures were centrifuged at 5000 g for 7 minutes, pellets were suspended in canine artificial saliva (CAS) medium (pre-reduced for the anaerobic species) and incubated at 37°C to OD 600 = 0. were added as appropriate, and the plates were incubated anaerobically for 2 days. The suspensions were then aspirated from the plates and the biofilms were subjected to FISH analysis as described previously 23 with modifications. Briefly, biofilms formed on the glass panels were fixed with 4% paraformaldehyde for 2 hours, washed with phosphate-buffered saline and incubated with 0.1 mol L −1 Tris-HCl pH 7 containing 10 mg lysozyme mL
and 500 U mL −1 mutanolysin for 8 minutes at 37°C. 
| Protease activity in biofilms
Protease activities of biofilms were measured using a Protease 
| Statistical analysis
Results were evaluated by analysis of variance and the Dunnett multiple-comparison test using Graphpad prism, version 6.0 (GraphPad Software, San Diego, CA). All experiments were performed at least twice.
| RESULTS

| Coaggregation
We have previously identified Fr. canicola and N. canis as highincidence bacteria at non-diseased sub-gingival sites, and Po. crevioricanis and Pa. micra as higher-incidence microorganisms associated with diseased sites. As coaggregation between bacterial species plays an integral role temporally and spatially in oral biofilm development 24 we tested the abilities of various selected canine plaque microorganisms to interact with each other. Pairs of the different species were systematically mixed and assayed for coaggregation as described in Section 2. The Fr. canicola coaggregated strongly with Pa. micra ( 
| Mono-species biofilms
All of the bacterial species tested were able to form mono-species Figure 1C ). Fr. canicola produced relatively sparse biofilms ( Figure 1A ) whereas Pa. micra and Po. crevioricanis were the weaker biofilm producers ( Figure 1D, F) . Po. gulae produced a uniform biofilm comprised of small groups of cells ( Figure 1E ).
| Multi-species biofilms with Fr. canicola
On the basis of the coaggregation results, and on the frequency of detection of the various species in vivo, 20 we then tested the abilities of specific organism pairs to grow together in biofilms. Unfortunately, no stable biofilms of N. canis could be maintained under anaerobic conditions, resulting in considerable detachment of the biofilm from the surface (data not shown). Po. gulae formed robust biofilms with Fr. canicola under anaerobic conditions ( Figure 2A ) compared with the respective mono-species biofilms. Although it is stressed that we are not able to quantify accurately the biomass or biovolume from these FISH data, it is possible to conclude that these organisms are able to co-exist in a co-operative manner. On the other hand, although Fr. canicola and Fu. nucleatum were able to form dual-species biofilms, the proportion of Fu. nucleatum was much reduced compared with Fu. nucleatum monospecies, suggesting that there was competition for growth between these species, or possibly inhibition of Fu. nucleatum by Fr. canicola ( Figure 2B ). Fu. nucleatum was clearly able to form dual-species biofilms with Po. gulae ( Figure 2C ). This interactive relationship appeared to overcome at least in part the antagonistic effects of Fr. canicola on Fu. nucleatum ( Figure 2B ), because three-species biofilms were readily formed with these bacteria ( Figure 2D ). Hence, Po. gulae seems to be a key partner microorganism, its strong associations with Fr. canicola and with Fu. nucleatum facilitating the development of large, multi-species coaggregates between these three species (Figure 3 ).
| Multi-species biofilms with Gram-positive cocci
Pa. micra is an anaerobic Gram-positive coccus, the presence of which in sub-gingival plaque was associated with periodontal disease in the dog cohort under study. 20 We examined therefore the ability of this bacterium to form biofilms in combination with early colonizers i.e. Fr. canicola, and with other anaerobic bacteria, e.g. Po. gulae.
Pa. micra was able to form a weak biofilm with Fr. canicola, although there was little evidence that these organisms were involved in coadherence ( Figure 4A ). Upon the addition of Po. gulae, the interactions between Po. gulae and Fr. canicola were observed as before, and levels of Pa. micra appeared to be reduced ( Figure 4B ).
We also examined the ability of Po. crevioricanis to be incorporated into biofilms of Po. gulae and Fr. canicola. However, there was little or no indication that these bacteria would co-associate (data not shown).
| Biofilm protease activity
Protease production has been associated with periodontal tissue destruction, and the proteases of Po. gingivalis have multiple roles in pathogenesis, 25 so we investigated the possible links between biofilm formation and protease production. In particular, Po. gulae has been shown to express a higher specific activity of protease than Po. gingivalis. 26 Of the six canine bacterial species studied here, Po. gulae biofilms contained the highest protease (caseinolytic) activity ( Figure 5 ). Pa. micra and Po. crevioricanis biofilms also had protease activity but approximately five-fold or more less than Po. gulae. Specific protease activities in biofilms comprising Po. gulae + Fr. canicola or Po. gulae + Fu. nucleatum were not significantly different from Po. gulae mono-species biofilms ( Figure 5 ). However, as soon as Pa. micra was introduced into the biofilms the protease specific activities were significantly elevated ( Figure 5 ). This effect was specific to Pa. micra, and was not seen with Po. crevioricanis 
| DISCUSSION
Information about the composition of microbiomes associated with multiple environments in animals is rapidly increasing, and companion animals are no exception. The canine oral microbiome, 11 based upon pooled samples from multiple dogs of different breeds, revealed that the bacterial taxa present were markedly different from those in humans. Subsequent analyses of sub-gingival plaque microbiomes from single breeds of dogs 13, 17 have provided more detailed information for specific cohorts of animals. General conclusions from these studies were that Neisseria, Corynebacterium, Bergeyella and Moraxella were most prominent and that reduced proportions of these genera in subgingival plaque were associated with periodontal disease. The notion of a shift from Gram-positive bacteria (e.g. Streptococcus) to predominantly Gram-negative bacteria (e.g. Porphyromonas, Tannerella) in humans developing periodontitis 2 is therefore not paralleled. However, F I G U R E 1 Three-dimensional confocal laser scanning microscopy images of mono-species biofilms formed on canine artificial salivary pellicle after incubation at 37°C for 24 hours in air (A, B), or 48 hours anaerobically (C-F). Biofilms were subjected to fluorescence in situ hybridization analysis as described in Section 2 with probes listed in Table 2 . The microorganisms that we have used in these studies were identified as prevalent species associated with non-diseased or diseased sites in a defined cohort of dogs. 20 There was obviously a plethora of different species present in these samples, but we identified Neisseria, Pa. micra metabolic products. These observations of elevated protease levels might therefore begin to account for the association of these Gram-positive asaccharolytic bacteria with disease, because the Po. gulae proteases alone promote tissue-destruction and proinflammatory cytokine production. 26 It is interesting to note F I G U R E 5 Specific protease activities associated with monospecies or mixed-species biofilms. Cells were harvested from biofilms and assayed for protease and total protein, as described in Section 2, and specific activity was expressed as U mg −1
. Error bars represent ± SD from three independent experiments (n = 3), and significant differences (P < 0.05) are indicated by *. Fc, Frederiksenia canicola; Nc, Neisseria canis; Fn, Fusobacterium nucleatum; Pm, Parvimonas micra; Pcr, Porphyromonas crevioricanis; Pg, Porphyromonas gulae that Filifactor alocis, another Gram-positive asaccharolytic bacterium, has been implicated in human periodontal disease. 31 It would be important to determine if Fu. alocis could potentially enhance the virulence and immunological characteristics of Po. gingivalis in a similar manner.
In summary, our studies here begin to translate some of the canine microbiome data into dynamic processes occurring during sub-gingival plaque formation. It seems plausible that in the canine scenario of periodontitis, Po. gulae might behave as a keystone pathogen 7 in first generating an environment conducive to colonization by Peptoniphilaceae family bacteria (e.g. Pa. micra). This could then lead to elevation of protease levels, further tissue destruction, and favoring of asaccharolytic bacteria, setting off a cycle of self-nutrition and sustained periodontal disease.
